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The role of specific intermolecular interactions in driving self‐assembling of molecular and macromolecular entities to build‐up materials with selected properties and functionalities is largely recognized.[1](#open202000062-bib-0001){ref-type="ref"} Rationalizing the nature of non covalent bonds and the mechanisms by which they act is therefore of paramount importance in view of designing new materials with improved performance and added value.

Among the interactions that have encountered wide success in materials science, halogen bond (XB)[2](#open202000062-bib-0002){ref-type="ref"} has assumed a dominant position thanks to its recognized high directionality and selectivity, besides the attractive feature of being easily modulated. The latter property results from the possibility to vary not only the nature of the chemical environment bonded to the halogen (as it happens for hydrogen bond) but also the halogen itself. According to the IUPAC recommendation,[3](#open202000062-bib-0003){ref-type="ref"} "A halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular entity." Halogen bond can be schematized as DX/A, where the moiety D bonded to the halogen atom X has a large variability, ranging from inorganic to organic species, and the nucleophilic site A is usually represented by a lone pair of a heteroatom such as oxygen, nitrogen, sulfur, or by a π‐electron system such as, for example, that associated with a phenyl ring.

Though halogen bonding has been largely investigated from different points of view, at both theoretical and experimental levels,[2](#open202000062-bib-0002){ref-type="ref"} a surprisingly low attention has been devoted to explain its physical origin. Indeed, at a first sight, this interaction can be considered as a quite unexpected and counterintuitive phenomenon: why should we have an attractive interaction between a typically electronegative atom and a nucleophilic site?

From a purely quantitative view the question can be answered by looking at the interaction energies as computed by both standard and more sophisticated ab initio methods: 'numbers' allow to get insights into the existence of the interaction and its strength. Even a very basic computational approach, such as a Hartree‐Fock (HF) calculation (i. e. neglecting electron correlation) with a small basis set, is able to provide this information if no dispersive contributions are dominant. However, calculations do not respond to the need of qualitatively rationalizing the reason why this interaction is established. Chemists' understanding of reactions and recognition processes is always based on simple models that allow to predict the behavior of molecules. This is a crucial point for an efficient design of new molecules with desired properties and functions.

One of the first models to explain halogen bonding was proposed by Politzer and coworkers,[4](#open202000062-bib-0004){ref-type="ref"} who highlighted an anisotropic distribution of the electrostatic potential (ESP) on the isodensity surface around a halogen atom X when covalently bonded to another atom Y. In particular, the ESP shows a positive region on X along the extension of the Y−X bond (the so‐called σ‐hole) and a negative belt perpendicular to the Y−X bond.

For a given DX molecule, the extent of such anisotropy depends on both the halogen type and the electron withdrawing capability of D. Specifically, the greater the polarizability of X the larger is the ESP anisotropy and, consequently, the strength of the interaction. It is therefore expected that the XB strength increases from chlorine to iodine, while fluorine is usually unable to give halogen bonding unless it is bonded to a strongly electronegative group. On the other hand, for a given halogen, the XB strength increases with increasing the electron withdrawing capability of D. The differences in the ESP anisotropies associated with different D groups can be discerned by comparing the maps of HCCBr and NCBr (see Figure [1](#open202000062-fig-0001){ref-type="fig"}). In case of HCCBr, the presence of both the σ‐hole along the extension of the C−Br bond, denoted by the narrow blue spot, and the belt of negative ESP around bromine, represented as a yellowish region, is evident. Going to NCBr, only the former feature is observed. In fact, the stronger electron withdrawing CN group is responsible for a greater electronic transfer far from the Br atom, causing the disappearance of the negative belt around the halogen atom. Importantly, such features are reproduced even at the minimum level of theory.

![Electrostatic potential computed for HCCBr (left) and NCBr (right) at HF/STO‐3G level, the minimum level of theory. Top: maps on the 0.001 a.u. isosurfaces of electron density (values from −0.02 au, red, to 0.02 au, blue). Bottom: contour levels drawn at ±2, ±4, ±8×10^n^ au, with n as an integer ranging from −3 to 0; positive values are denoted by yellow contours, and negative values are denoted by red contours.](OPEN-9-445-g001){#open202000062-fig-0001}

A simpler (and more qualitative) model to explain halogen bonding, as well as the ESP anisotropy around the covalently bonded halogen atom, has been provided once again by Politzer and coworkers,[5](#open202000062-bib-0005){ref-type="ref"} on the basis of the following argument related to the electronic structure of the halogen atom. The valence electronic configuration of X when bonded to Y along the z direction is s^2^p~x~ ^2^p~y~ ^2^p~z~ ^1^. This configuration is responsible for a depletion of the electronic charge distribution in the z‐direction (i. e., the bond axis) with respect to a mean value of 5/3 for the p electrons in each direction in the free halogen atom, so justifying the formation of the σ hole. The same configuration explains also a possible concentration of the electronic charge density in a belt around the Y−X bond.

Though these arguments based on the electronic configuration of the halogen atom to explain XB are commonly accepted in the chemists' community, they should be regarded as qualitative, suggesting the need of a rigorous first principles confirmation. To the best of our knowledge, this kind of investigation is still lacking in the literature.

The Valence Bond (VB) approach, where the nature of singly occupied orbitals can be rigorously determined in the framework of ab initio methods, has often shown its advantages in examining and providing insights into fundamental chemical concepts.[6](#open202000062-bib-0006){ref-type="ref"} It is therefore expected that the development of appropriate models to understand the nature of halogen bond can benefit from a VB investigation. To this aim, we report here a Valence Bond study of a series of halogenated molecules by using the Spin Coupled (SC) approach,[7](#open202000062-bib-0007){ref-type="ref"} a VB technique where the orbitals are obtained without imposing any constraint in the full spin‐space, i. e. considering all the possible chemical resonance structures (see SI for a brief overview of the SC theory). The SC method provides a fully correlated description of the electronic structure of a molecule, still preserving its interpretability in terms of the traditional chemical perception. Thanks to this appealing feature, this approach has been exploited to introduce, for the first time, correlated wavefunctions in the X‐ray constrained wave function (XCW) approach,[8](#open202000062-bib-0008){ref-type="ref"} giving rise to the new XC‐SC strategy[9](#open202000062-bib-0009){ref-type="ref"} which allows to extract chemically meaningful information from high‐resolution X‐ray diffraction data.

Starting from our recent SC investigation on a series of halogen bonded dimers, which confirmed previously proposed models and provided new insights into the nature of halogen bonding,[10](#open202000062-bib-0010){ref-type="ref"} we focus here our attention on the electronic features of the XB donor. In particular we consider three DBr molecules, where D is either the hydrogen atom or the electron withdrawing groups HCC− or NC−, which are able to create the σ‐hole on the halogen atom. Calculations have also been performed on the isolated bromine atom in order to discuss the changes in the orbital pictures going from the isolated atom to HBr and then to HCCBr and NCBr. We will initially discuss the series Br, HBr, NCBr since the HCCBr case introduces only smaller variations with respect to NCBr.

The SC calculation on the free bromine atom gives rise to a pictorial description very close to the qualitative s^2^p~x~ ^2^p~y~ ^2^p~z~ ^1^ one. The corresponding squared SC orbitals are reported in Figure [2](#open202000062-fig-0002){ref-type="fig"} (first column), where we obviously consider only one of the three equivalent solutions. The overlaps between all the pairs of orbitals are given in Table S1. The electron correlation between the motion of the electrons results into SC orbitals which describe the three lone pairs of the halogen atom using pairs of orbitals which are slightly different from each other. From Figure [2](#open202000062-fig-0002){ref-type="fig"} it is evident that ϕ~1~, ϕ~2~ are essentially two s orbitals with different anisotropic expansion. ϕ~1~ is slightly more diffuse in the x and y directions, while ϕ~2~ is more expanded along z. The overlap between these orbitals is very high (\<ϕ~1~\|ϕ~2~\>=0.96). ϕ~3~ and ϕ~4~ are essentially p~x~ orbitals with a small additive (ϕ~3~) or subtractive (ϕ~4~) contribution of the s shell respectively, which describe the p~x~ ^2^ lone pair. ϕ~5~ and ϕ~6~, not shown in Figure [2](#open202000062-fig-0002){ref-type="fig"}, are the corresponding orbitals describing the p~y~ ^2^ lone pair and can be viewed as obtained from ϕ~3~ and ϕ~4~ through a 90° rotation along the z direction. The overlap between the orbitals of the same lone pair is considerable (\<ϕ~3~\|ϕ~4~\>=\<ϕ~5~\|ϕ~6~\>=0.80) but lower compared to that of the ϕ~1~, ϕ~2~ pair, indicating a differentiation between p~x~ ^2^ (or p~y~ ^2^) and s^2^ pairs. On the other hand, the orbitals ϕ~3~ and ϕ~4~ have a small overlap with ϕ~5~ and ϕ~6~ (\<ϕ~3~\|ϕ~5~\>=\<ϕ~3~\|ϕ~6~\>=\<ϕ~4~\|ϕ~5~\>=\<ϕ~4~\|ϕ~6~\>=0.02) owing to their small s contribution. A pure p~z~ orbital, ϕ~7~, completes the set of the seven valence orbitals of the bromine atom. It should be noted that, though not clearly visible in Figure [2](#open202000062-fig-0002){ref-type="fig"}, the orbital ϕ~2~, which is expanded along z, is slightly more diffuse than ϕ~1~. Of course, this is due to the presence of only one electron in the z direction, differently from the x and y directions where four electrons are present. In fact a SC calculation on the Br^−^ anion reveals the presence of two almost equivalent s orbitals with only a slightly different radial expansion.

![Plots of the squared symmetry‐unique SC orbitals of Br, HBr and NCBr, with contour levels drawn at 2, 4, 8×10^n^ au, with n as an integer ranging from −4 to 0.](OPEN-9-445-g002){#open202000062-fig-0002}

Concerning the HBr molecule (see Figure [2](#open202000062-fig-0002){ref-type="fig"}, second column), with the hydrogen atom lying along the z direction, the three SC orbitals describing the s^2^ and p~z~ electrons, namely ϕ~1~, ϕ~2~ and ϕ~7~, change their state becoming sp~z~ hybrid orbitals with different expansions: ϕ~1~ and ϕ~2~ tend to extend mainly outwards the H−Br bond preserving only a little tail in the region of the H−Br bond. Now the two orbitals describe what we could call an sp~z~ lone pair with high overlap between them (0.91). The ϕ~7~ orbital is mainly localized on the Br atom but heavily deformed toward the H atom. It has a large overlap (0.88) with the newly formed orbital, ϕ~8~, which is also an sp~z~ hybrid orbital mainly localized on H and pointing toward Br. The ϕ~7~ orbital has also a significant overlap with the ϕ~1~ and ϕ~2~ sp~z~ lone pair (\<ϕ~7~\|ϕ~1~\>=0.60 and \<ϕ~7~\|ϕ~2~\>=0.46).

The four ϕ~3~--ϕ~6~ π orbitals are subject to a smaller rearrangement compared to the isolated Br atom. They are not pure π orbitals having a partial σ component, which is now due not only to the small s contribution (as in the case of the isolated Br atom) but also to a small p~z~ contribution. The nature of ϕ~3~ and ϕ~4~ can be shortly described as ϕ~3~=p~x~+λs+μp~z~ and ϕ~4~=p~x~−λs−μp~z~, denoting with λ and μ small weights coming from the σ components. Overall, the orbitals ϕ~3~ and ϕ~4~ describe the π~x~ lone pair, while ϕ~5~ and ϕ~6~, which are symmetry‐related to ϕ~3~ and ϕ~4~ through a 90° rotation around the z‐axis, describe the π~y~ lone pair. The orbitals ϕ~3~ and ϕ~4~ are connected to each other by a reflection with respect to the yz plane. As these orbitals are essentially p~x~ orbitals, they have a high overlap between them (\<ϕ~3~\|ϕ~4~\>=0.83) and are practically orthogonal to the pair of p~y~ orbitals (ϕ~5~ and ϕ~6~). The very small overlap between the p~x~ and p~y~ pairs (\<ϕ~3~\|ϕ~5~\>=\<ϕ~3~\|ϕ~6~\>=\<ϕ~4~\|ϕ~5~\>=\<ϕ~4~\|ϕ~6~\>=0.002) arises from their small s and p~z~ contributions.

Looking at the spin pairing between SC orbitals, it results that the perfect pairing (i. e., ϕ~1~−ϕ~2~, ϕ~3~−ϕ~4~,..., ϕ~7~−ϕ~8~) is the only predominant structure, followed by a much less important structure corresponding to the ϕ~1~−ϕ~4~, ϕ~2~−ϕ~4~, ϕ~5~−ϕ~6~, ϕ~7~−ϕ~8~ pairing.

Substitution of the H atom with the electron‐withdrawing group CN (NCBr molecule, see Figure [2](#open202000062-fig-0002){ref-type="fig"}, third column) causes some small but important modifications in all the SC orbitals. To better appreciate these changes, we have also plotted (see Figure [3](#open202000062-fig-0003){ref-type="fig"}, first column) the differences of the squared orbitals, ϕ^2^ ~i,NCBr~−ϕ^2^ ~i,HBr~. As expected, all orbitals undergo a contraction towards CN, because the high electronegativity of this group involves a depletion of electron density around the halogen, thus increasing the effect of its nuclear charge. In particular, the contraction of ϕ~1~ and ϕ~2~ manifests in the presence of positive Δφ~1~, Δφ~2~ regions along the z‐axis in the region outwards the C−Br bond. Such orbital contraction can be therefore associated with the formation of the σ‐hole in the electrostatic potential around the bromine atom (see Figure [1](#open202000062-fig-0001){ref-type="fig"}). The orbitals ϕ~1~ and ϕ~2~ still have a high overlap (0.90) and so they can be considered as a contracted p~z~ lone pair. As for the p~x~ lone pair, going from HBr to NCBr we observe only a small contraction in the x direction and an expansion in the region of the bond, resulting into almost negligible variations in the overlap of ϕ~3~ and ϕ~4~ with all the other orbitals and between each other. The same considerations are obviously valid for the p~y~ lone pair. The orbital ϕ~7~ extends much more in the z direction towards the C atom due to the electronegativity of the CN moiety and to the longer C−Br bond distance compared to the H−Br one (1.786 vs. 1.400 Å, respectively), which requires a larger use of the more expanded s and p~z~ atomic orbitals in order to guarantee an efficient overlap with the ϕ~8~ orbital. The overlap \<ϕ~7~\|ϕ~8~\> remains indeed almost unchanged from HBr to NCBr (0.88 and 0.87 respectively).

![Plots of the differences between squared symmetry‐unique SC orbitals of NCBr and HBr (left), and NCBr and HCCBr (right), with contour levels drawn at ±2, ±4, ±8×10^n^ au, with n as an integer ranging from −4 to 0. Positive values are denoted by violet contours and negative values are denoted by cyan contours.](OPEN-9-445-g003){#open202000062-fig-0003}

The expansion of the orbital ϕ~7~ towards the C atom is also highlighted by a small reduction of its overlap with ϕ~1~ and ϕ~2~ (\<ϕ~1~\|ϕ~7~\> and \<ϕ~2~\|ϕ~7~\> decrease from 0.60 to 0.54 and from 0.46 to 0.38, respectively, going from HBr to NCBr). Finally, the substitution of the H atom with the CN group does not change the contribution of the spin structures, with the perfect spin pairing having always an overwhelming importance.

When comparing the squared orbitals of HCCBr and HBr, the plots of the ϕ^2^ ~i,HCCBr~−ϕ^2^ ~i,HBr~ differences appear to be almost indistinguishable from the ϕ^2^ ~i,NCBr~−ϕ^2^ ~i,HBr~ ones (see Figure S2).

On the other hand, if we compare the squared orbitals of NCBr and HCCBr, the same qualitative variations described above are observed, though to a lower extent. By looking at the differences of the squared orbitals, ϕ^2^ ~i,NCBr~−ϕ^2^ ~i,HCCBr~ (see Figure [3](#open202000062-fig-0003){ref-type="fig"}, second column), we can indeed observe a lower contraction of the orbitals, manifesting in: i) the formation of a positive region along the z‐axis associated with the p~z~ lone pair (see Δφ~1~, Δφ~2~); ii) the predominance of the negative region around the bromine atom perpendicular to the bond axis, associated with the p~x~ lone pair (see Δφ~3~, Δφ~4~). Such negative region is overwhelmed by the positive one when bromine is bonded to stronger electron withdrawing groups (e. g. NC−), which further increase the contraction of all the orbitals.

These observations are in full agreement with what observed in the maps of the electrostatic potential (Figure [1](#open202000062-fig-0001){ref-type="fig"}). In fact, analysis of the ESP contour lines reveals a perfect matching between the positive region of ESP and the Δφ~1~, Δφ~2~ variations along the extension of the C−Br bond: the greater the σ‐hole, the larger the positive Δφ~1~, Δφ~2~ regions. Moreover, the belt of negative electrostatic potential around the bromine atom, observed only for HCCBr, nicely corresponds to the low contraction of the p~x~ (and p~y~) lone pair, resulting into mainly negative Δφ~3~, Δφ~4~ (and Δφ~5~, Δφ~6~) region around the bromine atom. Such negative belt of ESP is lost in the NCBr case, for which the larger contraction of the p~x~ and p~y~ lone pairs implies a predominance of positive Δφ~3~,..., Δφ~6~ contributions.

It is worth mentioning that our analysis fully supports other interpretations of halogen bonding as found in the literature. As a first example, we cite the atomic interpretation provided by Scholfield *et al*.[11](#open202000062-bib-0011){ref-type="ref"} in the development of force fields able to describe the anisotropy of the electrostatic potential around halogens. In their ′extended force field for biomolecular X‐bonds′, which involves the use of aspherical atomic charges and radii, the magnitude of the anisotropy has been interpreted by a displacement of the axis of the p~x~ and p~y~ orbitals with respect to the bond axis. Our SC study, providing a mixing of the p~x~ and p~y~ lone pairs with the σ components, leads to slightly bent orbitals with respect to the bond axis, in complete agreement with their conclusions. Another work reports the results of a DFT study on the interaction between halomethanes and rare gases,[12](#open202000062-bib-0012){ref-type="ref"} leading to a different interpretation of the appearance of the σ‐hole with respect to the Politzer\'s one.[5](#open202000062-bib-0005){ref-type="ref"} By using molecular orbitals localized through the Edminston‐Ruedenberg procedure, the authors report on the formation of three symmetry‐equivalent sp^3^‐like orbitals on the halogen atom, which are responsible for the formation of the σ‐hole in the direction of the bond axis. This conclusion is in full agreement with the loss of the p~x~ and p~y~ symmetry shown by the SC orbitals.

In conclusion, by means of SC calculations we have here confirmed the qualitative model proposed by Politzer and coworkers to explain the physical origin of halogen bonding,[4](#open202000062-bib-0004){ref-type="ref"}, [5](#open202000062-bib-0005){ref-type="ref"} putting it on a solid quantum mechanical basis and refining it by means of an accurate description of all the involved orbitals. The qualitative s^2^p~x~ ^2^p~y~ ^2^p~z~ ^1^ description of the electronic structure of the free bromine atom and its evolution after bonding with electron withdrawing groups is here fully generalized and quantitatively analyzed using the basic concepts of the VB approach. According to this study, the presence of the σ‐hole on the halogen atom is associated with a contraction of the SC orbitals describing the p~z~ lone pair, while the negative belt around the halogen atom, observed only when bonded to electron‐withdrawing groups of medium strength, is to be ascribed to a reduced contraction of the SC orbitals corresponding to the p~x~ and p~y~ lone pairs.
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